This paper presents the design and development of a passive wireless sensor for the detection of bio-hazard materials and vapors using chemiresistive thin films. Composite polymer thin film with functionalized carbon nanotubes (f-CNT) and polymethylmethacrylate (PMMA) is employed as a sensing material. It is investigated that resistance change is determined with the concentration of dichloromethane vapors diffused into composite thin film, due to electrical transition from direct contact to tunneling in carbon nanotube nanojunctions. The chemiresistive film is integrated into a passive wireless system which works based on the change in phase of the reflected RF signal. Measurement results of sensors in a wireless sensing system show a large differential phase shift, which can be utilized for remote monitoring of bio-hazard vapors in real time.
Introduction
The present nanosensor research offers unprecedented opportunities to utilize relevant mechanical, chemical, thermal, chromatographic, magnetic, biological, and/or acoustic phenomena for sensors and sensor network development. Sensors based on nanoscale properties have various advantages over macroscale sensors including small size, high sensitivity and high selectivity that are essential factors for realization of new sensors for applications such as human health care, national security and environmental safety. In addition, advanced technologies for sensor fabrication and integration with other electronic components will enable miniaturization, reduction of cost and less power consumption. Even though the influence of nanotechnology on sensor research is enormous, efforts to date have focused primarily on the physical and chemical properties of host materials in nanoscale. For example, individual silicon/tin oxide nanowires were utilized 3 Present address: High Density Electronic Center and Department of Electrical Engineering, University of Arkansas, Fayetteville, AR 72701, USA.
for nanoscale biological/chemical sensors using their own characteristics in nanoscale dimension. Although this is an attractive feature due to high sensitivity at a molecular level, the technology of these nanowire sensors for mass production is limited, because of difficulty in integration into electronic circuits. Thus, several approaches are being investigated to develop solutions for integration of nanotechnology into electronic devices for sensing applications [1] [2] [3] .
Development of a new method for highly selective and sensitive detection of organic vapors based on carbon nanotubes and gold nanowires is presented in [4] utilizing the properties of an atomic-scale electrical junction between nanotubes/wires in a polymer matrix. As shown in figure 1 , when the polymer matrix is exposed to sensing molecules, the reaction between the molecules and the matrix material changes the physical properties and dimensions of the polymer matrix. Physical distance change between nanowires due to swelling is considered as one of the most common responses. Even though the distance change is only a few ångströms, it will lead to a significant transition of electrical junctions from direct contact to the tunneling regime in between carbon nanotubes and the electrical property change of the whole sensor film will be quite high. The number of source molecules and the interaction parameter with the matrix material determines the extent of matrix swelling and resistance variation [5] . It could be possible to choose proper materials for matrix selective sensors for the detection of various gases. Based on this concept, several composite films with gold nanowires and carbon nanotubes were developed. One of the interesting materials is the functionalized carbon nanotube (f-CNT) composite with polymethyl methacrylate (PMMA). Electrons flow through conducting carbon nanotubes that are randomly distributed and contacted onto electrodes. The number and length of conducting paths and electrical properties of junctions formed inside f-CNT/polymer composites will determine the conductance of composite thin films.
Along with the development of nanoscale sensors, their integration with electronic circuits for detection and identification, especially using wireless communication devices, can find significant impact in a broad range of applications.
The integration of nanoscale sensors into wireless communication networks will provide wide opportunities for biological sensor applications, especially for real-time physiological sensing of human health and bio-hazard material detection using personal mobile stations and internet services. The convergence of the advanced technologies in nanoscale sensors and wireless communications will open up vast opportunities for a variety of sensor systems.
The urgent need for sensors for various applications has triggered the integration of sensors with active wireless devices with data processing, communication components and a battery as the power source in addition to the inherent sensing components [6] . Even these attempts have been successful and met special requirements in field applications; issues for long term monitoring outside battery lifetime still remain. Ong et al demonstrated that CNT-based sensors on inductorcapacitor (LC) resonators are capable of remote detection of inorganic gases such as CO 2 and O 2 [7] . Chopra et al reported a selective gas detection system based on Cu disk resonators with carbon nanotubes using LC resonant circuits [8] . However, those methods using LC resonators require close proximity of large loop antennas, which has space as well as distance constraints. In this paper we report the design, development and experimental results of nanowire and nanotube composite sensors integrated with a passive wireless system for remote and real time monitoring. The passive wireless system is based on the principle of reflecting electromagnetic waves from the sensor and sending them back to the transceiver antenna.
Polymer/nanotube composite sensor fabrication and measurements

f-CNT/PMMA composite sensor design and fabrication
The sensor film is fabricated using functionalized CNT/PMMA composites. CNTs were synthesized by the decomposition of acetylene gas by microwave chemical vapor deposition at 600
• C with fine iron nanoparticles as a catalyst. Carbon nanotubes were functionalized with potassium permanganate and acetic acid. Composite thin films were prepared by ultrasonication of 10 mg f-CNTs and 90 mg PMMA in 2 ml dichloromethane for 2 h [9] .
The typical evaluation of a sensor is to measure its output responses either in voltage (amplitude, phase) or change in frequency. It is well known that for any RF measurement devices the change in phase can give a better accuracy and sensitivity. The phase change is obtained in the present method by utilizing the reflected RF signals from bilateral interdigital coplanar waveguides. Composite thin films were fabricated on a high frequency transmission line with coplanar waveguides, because of its simple structure and ease of application of resistive thin film for a terminated load. Also, bilateral interdigital fingers were used in this design to get more sensing area as well as to increase the number of conducting contacts S15 between carbon nanotubes and metal electrodes. Coplanar waveguides with interdigital fingers were fabricated using photo-lithography and a wet etching process. After fabrication of the coplanar waveguide, the composite solution was spincoated at 2000 rpm onto a coplanar waveguide with interdigital fingers to develop it as a resistive load. The sensors were dried at 50
• C in air. Figure 2 presents the photograph of a fabricated sensor with f-CNT/PMMA thin film.
Sensor characterization
The responses of f-CNT/PMMA composite sensors for different gas concentrations were measured using conventional resistance measurement methods by placing the sensor inside a gas chamber and exposing to different gases. The sensors were exposed to air after its saturation level. Changes in resistance due to change in gas concentrations and exposure time were also measured.
As shown in figure 3 , the resistance of CNT/PMMA composite thin film rapidly increased with dichloromethane vapor concentration. It is observed that the resistance of the composite in figure 3(a) increased with gas concentration and reached saturated values within 10 min. The resistance increase is regarded as being caused by the free volume change of the PMMA polymer matrix. The volume change is determined by the exposure time and concentration of dichloromethane vapor. Because lateral expansion of polymer is negligible compared to the vertical direction, the volume change of swollen polymer can be described as the increase in thickness of the polymer matrix. Due to the matrix swelling, the gap between the electrical junctions between the conducting carbon nanotubes increases and becomes wider. According to Flory-Huggins theory and a modified Raoult's law [5] , the thickness increase t corresponding to small solvent content can be given as
where t solv is the thickness in solvent vapor, t dry is the original thickness, χ is the Flory-Huggins polymer-solvent interaction parameter, P s is the partial pressure of the solvent vapor, and P nanotubes s is expected as a linear function of solvent vapor pressure, as well.
As illustrated in figure 3(b) , the experimental data for static resistance after saturation was found to be best fitted by a relation of the form
for the resistance increase R as a function of partial pressure P s , where R is in ohms and P s in Torr. The fitting parameter α for the f-CNF/PMMA composite is 0.0195. Based on the measurement results, it is expected that there is an S16 Passive wireless sensors using electrical transition of CNT junctions in polymer matrix exponential dependence between the resistance change R and the distance change between two carbon nanotubes s. According to the Simmons formalism based on the same metal electrodes [10] , tunneling electron current density J tunnel is given by
(3) where e is the charge of an electron, h is Planck's constant, 0 is the height of the potential barrier, and V is the voltage across the insulating layer. It is important to realize from equation (3) that there is an exponential dependence between the tunneling current and the distance between two electrodes, agreeing well with our measurement results. Even atomic-scale changes in distance will lead to a significant change in current flow and this explains the sensor response to the concentration of solvent vapors.
Wireless sensing and measurements
Computation of change in phase of the reflected wave
Based on the sensor response of resistance change in f-CNT/PMMA composite, we proposed a wireless sensing method [11] . When a reflected wave exists on a lossless transmission line terminated with a load impedance Z L = a + jb, the voltage across the line can be given by [12] 
where V + and V − are amplitude constants of incident and reflected waves, and β is a phase constant for the lossless line. The voltage reflection coefficient L is described by the ratio of V − to V + : and voltage at any point on the transmission line (z < 0) is given by
where Z c is the characteristic impedance of the transmission line. It can be seen from equation (9) that the phase of the reflected wave in a transmission line can be determined by the load impedance. The change in phase of a reflected wave with respect to load impedances of a transmission line is illustrated in figure 4 . As long as the imaginary part of the load impedance is low, the reflected wave phase exhibits large phase shift with small change in the real part of the load impedance near the characteristic impedance.
In order to check the validity of the analytical formula, we tested a thermistor with a network analyzer (HP8510C) and compared with calculation. Based on the characteristics of the thermistor, linear variation in resistance from 0 to 180
• C temperature change can be obtained. As shown in figure 5(a) parts of impedances from −0.05 to 0.15 were measured by an impedance analyzer (HP4192A). For each impedance value, we measured the phase shifts of the reflected wave at 400 MHz frequency using the network analyzer. Due to the change in resistance, the phase change of the reflected wave was observed and agreed well with the calculations as shown in figure 5(b) .
Reflection phase measurements
Based upon the principle and measured results, the reflected phase was measured to detect a small variation of dichloromethane concentration. In this measurement, dichloromethane vapors with three different concentrations (15, 27, and 53 Torr partial pressures) were introduced into a vapor test chamber and the reflected wave phase was monitored by the network analyzer. Figure 6(a) shows the S11 phase response of a sensor with CNT/PMMA composite from 50 to 600 MHz. It was clearly shown that the phase of the reflected wave in 53 Torr dichloromethane vapor was shifted from the original value in air, due to resistance increase in the composite thin film. Since the reflected phases rapidly change around 150 MHz and the resolution of sensing is high enough, concentration changes from 15 to 53 Torr of dichloromethane vapor partial pressure were clearly detected. In DC resistance measurement, the difference was hardly detected, even hindered by noise. It is shown that the electromagnetic wave property from reflected phase measurement is useful for chemiresistor sensors with high sensitivity, in addition to the possibility of wireless sensing implementation.
Wireless gas sensing measurements
After the measurement of sensors directly connected to a vector network analyzer, sensors were characterized in a wireless test system, as shown in figure 7 . The wireless test system consists of a function generator (HP8647A), an oscilloscope (TDS2022), an RF circulator and two antennas. The function generator delivers a sinusoidal RF signal to the sensor through a circulator and an RF signal reflected back from the sensor is sent to the antenna through the circulator. The electromagnetic waves from the sensor are received by the antenna, which is connected to an oscilloscope. Phase and amplitude differences with vapor exposure time and various concentrations are measured using the oscilloscope and recorded using software (Wavestar v.2.8.1) and a TDSCMAX communication module. Before measurement of phase variation inside the gas chamber, preliminary tests using reference loads in table 1 S18 Passive wireless sensors using electrical transition of CNT junctions in polymer matrix were performed in the wireless network. The purpose of preliminary tests was to check whether the wireless test system works properly. 200 MHz sinusoidal signal was chosen as an input signal. To check reflection phases depending on the load impedance, reference loads (L1, L2, L3, L4, L5, and L6) with various impedance values were connected to the termination port of the circulator and measured as shown in figure 8(a) . The signals from reference loads demonstrated phase shift and signal intensity change depending on the impedance of each load. When terminal impedance changed from short (L1) to open (L6), differential phase increased from −166
• to 0
• . This agreed well with the analytical calculation using equation (9) , as shown in figure 8(b) .
F-CNT/PMMA composite sensors in dichloromethane vapors were measured using the same system. Figure 9 demonstrates that the differential phase increases with respect to the gas expose time. The sensor measured in this experiment has 26 initial resistance before it is exposed to the vapors. As seen from the data presented in figure 9 , rapid impedance change was observed up to 2 min exposure. It is considered that the large phase shift was caused by rapid impedance changes near the characteristic impedance. The rapid impedance change at the initial period of exposure was shown in previous measurements also. The slow increase of phase shift after 2 min exposure is regarded as the impedance being close to saturation. The same kind of behavior was also A compact design of passive wireless sensors without any RF circulator for industrial and mobile sensing application is presented in figure 10 using an RFID (radio frequency identifications system).
Since the data are inherently embedded in noise, further investigation of signal detection is required, which is progressing.
Conclusions
In this paper, we have presented the development of chemiresistive sensors for detection of bio-hazardous materials. This passive wireless sensor is based on monitoring the phase of the reflected RF signal from a functionalized CNT/PMMA composite thin film, which is coated on an interdigital coplanar waveguide. It was observed that the resistance change is due to the change in concentration of dichloromethane vapor and hence the conducting mechanism of the chemiresistor is governed by the tunneling effect. Different gas concentrations affect the distance between conducting carbon nanotubes by diffusion of molecules into the composite thin film. With the measurements on the reflected phase from the sensor, we clearly demonstrated the possibility of using it as a passive sensor without any battery at the sensor. Measured results of sensors and reference loads in the wireless S19 sensing system show large differential phase shifts, which can be utilized for real-time remote monitoring of bio-hazardous vapors.
